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SUMMARY 

A porous tungsten ion source and a Pierce accelerator system similar 

in principle to proposed space propulsion systems is studied in detail. 

Cesium ion production from a porous tungsten ionizer is shown to be 

accurately predicted from cold flow calibrations. A hysteresis is ob- 

c 
t 

4 

served in the measured critical ion emitter temperature and is explained 

in terms of Taylor and Langmuir's data on the evaporation of cesium from 

non-porus tungsten. 
A 

The characteristics of the Pierce acceleration system minus the 

ground "decelerator" are fully evaluated with the hot-wire calorimeter. 

It is demonstrated that the use of grid wires to eliminate the voltage 

gradient across the aperture of the Pierce accelerator leads to better 

agreement of total ion beam power with the predictions of Child's law. 

With an open aperture, the observed ion beam spreading was accounted for 

by the combined effects of beam space charge and accelerator defocusing 

action. With grid wires across the aperture the beam spread is due to 

space charge alone. These results should be restricted to "thin" beam 

,ion rockets. 

A local electron emission configuration placed within the accelerator 

electrode was found to greatly increase the total beam power available 

accelerator system. These observations, 
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while of a tentative nature, offer a means of obtaining large improve- 

ments in accelerator efficiency. 

INTRODUCTION 

The use of electrostatically accelerated ions as a propulsion system 

for space flight appears promising (refs. 1 and 2 ) .  Sizable research and 

development programs are now in progress to develop practical systems of 

ion propulsion. This research has created a demand for instrumentation 

and experimental techniques to evaluate the ion rocket. The ion beam 

diagnostic techniques are being rapidly developed to meet the demand. 

One promising instrument for ion beam diagnostic work is the hot wire 

calorimeter (developed by the present authors refs. 3 and 4 ) .  This 

resistance-temperature transducer measures the beam power at a point and 

the power distribution through-out the beam. The ion source and acceler- 

ator system employed herein is not viewed as a practical space propulsion 

system. Rather, the system is considered as a research tool both to 

develop diagnostic techniques and to study the basic physics of ion beams. 

The present paper is a detailed study of some of the physical processes of 

a porous tungsten-cesium ion system employing a cylindrical Pierce ac- 

celerator. The hot wire calorimeter is used to evaluate the ion source 

and ion accelerator systems. The detailed analysis of this ion source led 

not only to the confirmation of design criteria, but also to the discovery 

of some unexpected and potentially important phenomena. 

SYMBOLS 

A, area of the emitter 

a ion beam radius 

D ion emitter diameter 
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functions of the reduced radius (r/a) used in the design 

of the Pierce accelerator 

focal length of lens 

design constant given in equation (5) 

ion beam current 

ion beam current density 

physical dimension from the ion emitter to the Pierce accelerator 

pressure , 

pressure difference across the porous tungsten ion emitter 

radial distance in cylindrical coordinates 

radius of the ion emitter 

radius of the ion beam at the point where the ion flow is 

originally parallel 

temperature 

ion emitter temperature 

vaporizer temperature 

voltage 

accelerating voltage, difference between emitter and accelerate 

voltage 

axial distance in cylindrical coordinates 

constant, equation (5) 

angle in cylindrical coordinates 

APPARATUS, PROCEDURE, AND INSTRUMENTATION 

Vacuum facility. - The present experiments were conducted in a side 
port of one of the high-vacuum electric-rocket research facilities of the 

NASA Lewis Research Center. 

engine housing and valve arrangement leading into the 5 foot diameter tank. 

Figure l(a) shows a cutaway sketch of the 
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The pressure  within t h e  tank i s  maintained between and m i l l i m e t e r -  

of-mercury f o r  a l l  tests. 

mally w a s  an order  of magnitude grea te r ;  high 

of-mercury pressure  range. 

The pressure i n  t h e  engine housing area nor- 

t o  low 10'' m i l l i m e t e r -  

A viewing p o r t  was ava i l ab le  on t h e  opposi te  s i d e  of t h e  5 f o o t  tank.  

Through t h i s  p o r t  t he  porous tungsten emitter could be viewed wi th  an 

o p t i c a l  pyrometer t o  determine t h e  temperature. The cleanness of t h e  

window could no t  be  cont ro l led ,  thus, emitter temperature measurements 

may b e  as much as looo F too  low, 

emitter temperature w a s  t h e  window d i r e c t l y  ca l ib ra t ed .  

Only f o r  t h e  da t a  repor ted  on c r i t i c a l  

Ion source.  - Figure l ( b )  is  composite photograph of t h e  ion source 

and a c c e l e r a t o r .  A porous tungsten e m i t t e r  w a s  employed. T h i s  emitter 

w a s  chosen t o  give a uniform d i s t r i b u t i o n  of ions  f o r  the a c c e l e r a t o r  

s tudy.  The porous tungsten d i s k  (00048" t h i ck )  w a s  brazed i n t o  a mo- 

lybdenum tube of l inch in s ide  diameter. It w a s  found from a wet t ing  

technique t h a t  t h e  braze f i l l e d  the  edges of t h e  porous tungsten,  such 

t h a t  t h e  e f f e c t i v e  rad ius  f o r  ion emission was 0.82 inches.  The mo- 

lybdenum tube w a s  mounted d i r e c t l y  t o  t h e  copper vaporizer,  w i t h  a 

s t a i n l e s s  s teel  "0" r i n g  s e a l .  

f i g u r e  l ( b )  . 
p r a c t i c a l ;  no f a i l u r e  of t h e  porous p i ece  has ever  occurred. 

f l a k i n g  of  t h e  molybdenum w a s  noted due t o  t h e  high temperature operation, 

b u t  it i n  no way af fec ted  operation. 

( i d e n t i f i e d  on f i g .  l ( a ) ,  as emit ter  hea t e r  bu t  removed i n  f i g .  l ( b ) )  i s  

i n s e r t e d  around t h e  molybdenum tube. 

u n t i l  t h e  porous tungsten emitter reaches t h e  des i red  temperatureo 

The vaporizer  and emitter are shown i n  

This arrangement of porous tungsten emitter proved 

A s l i g h t  

A w i r e  rad ia t ioq ,  emitter hea ter ,  

The emitter assembly i s  heated 
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The heat transfer from the molybdenum tube to the vaporizer is suffi- 

cent to heat the vaporizer. 

vaporizer to control the temperature. The temperature of the vaporizer 

determines the amount of the cesium vapor that flows through the emitter. 

For the present tests a glass capsule of cesium metal was placed in the 

vaporizer. 

ature (around 2000° F), and the vaporizer temperature to be held below 

300° F with cooling air. 

taining cesium is broken with a plunger. 

and flows through the porous tungsten plug. 

by the hot tungsten surface and in turn are accelerated from the emitter 

surface by the electrostatic accelerator system. 

Air cooling tubes are provided around the 

Normal operation required the emitter t o  be brought to temper- 

When these conditions are reached a glass con- 

Some of the cesium is vaporized, 

Cesium molecules are ionized 

Acceleration system. - The positive cesium ions are accelerated away 
from the tungsten emitter by maintaining the emitter at a positive po- 

tential with respect to the accelerator. 

between 1 and 10 kilovolts were employed. 

tube, emitter heater, and vaporizer are all the same high potential in the 

present set-up. To control the initial focusing of the ion beam, a beam 

forming or focusing electrode, noted in figure l(b), is mounted in physi- 

cal contact with the tungsten emitter. 

cone shape similar to the single accelerator and serves to form and mairr 

tain the accelerated ions in trajectories nearly perpendicular to the 

emitter. 

to match the effective emitter diameter. 

For the present tests, voltages 

The complete emitter, molybdenum 

This focusing electrode has a 

The ape;%uzof the focusing electrode is 0.82 inch in diameter 

The accelerator is mounted parallel to the focusing electrode. This 

accelerator is erectrically insulated from the emitter-focusing electrode 

system. For the experimental studies reported herein, the accelerator is 
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operated at negative potentials (from -1 to -10 kilovolts). 

focusing and accelerating electrodes were spun formed from nickel sheet 

using dies. The accelerator aperture is 1 inch in diameter. A slight 

oversized aperture was used in an attempt to ease ion beam 

Accelerator aperture effect (to be discussed later) was evaluated by 

using accelerators with grid wires mounted across the aperture. A 

straight grid wire accelerator was employed to evaluate the critical 

temperature characteristics of the porous tungsten ionizer at high cur- 

rent densities. 

Both the 

impingement. 

For the design of the Pierce accelerator it was assumed that uniform 

current density flowed normally and one dimensionally from the emitter. 

It was further assumed that normal operation for the beam would be space- 

charge limited flow. This saturation current density is described by 

Child's solution of Poisson's equation (the constant corresponds to 

singly charged cesium ions) : 

9 A$12 j = 4.75X10- - 
22 

where AV is the voltage difference between emitter and accelerator, and 

Z is the distance between the emitter and the accelerator. The electrode 

design to obtain these conditions in a cylindrical beam was calculated 

using Daykin's series solution of Laplace's equation with the Pierce 

boundary conditions, reference 5. The beam forming electrode, which rests 

on the ion emitting surface makes an angle of 67.5 degrees with the emitter 

surface as prescribed by Pierce, reference 6, (p. 181). 

celerating electrode coordinates were calculated from Daykin's formula 

The single ac- 
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r e t a in ing  three terms as follows 

The terms F2 and F4 are funct ions of the  reduced radius (??/a); these 

func t ions  were taken from reference 5 .  

a l s o  may be found i n  re ference  7. 

A discussion of t h i s  design method 

Equation ( 2 )  w a s  rearranged f o r  ease 

of ca l cu la t ion  t o  the  following form (;r F4 + (;)z F2 + -(>y’j = 0 

where 1/2 
~10” A*) J 

(3) 

( 4 )  

This form of the equation w a s  then solved, using an i t e r a t i o n  technique, 

f o r  the e lec t rode  coordinate Z as a funct ion of r f o r  the following 

design poin t .  

where 7 (5) 

Zo = l.;6 cm o r  0.693 i n .  and A, = 3.42X10’4 m2 or 0.528 i n .  

Instrumentation. - Operation of the ion  rocke t  w a s  monitored by 

e l e c t r i c a l  cur ren t  and vol tage meters. The e l e c t r i c a l  schematic of t h e  

system i s  shown i n  f i g u r e  l ( b ) .  

thermocouples, which were e l e c t r i c a l l y  f l o a t i n g  a t  the vol tage l e v e l  of 

Vaporizer temperature w a s  measured wi th  

t he  emitter. The emi t t e r  temperature was  measured with a disappearing 

f i l a m e n t  type of o p t i c a l  pyrometer. 

(20° t o  50’ F) e x i s t s  across  t h e  face of t h e  emitter when it i s  operated 

above 2000’ F, s ince  t h e  heat f l o w  is by conduction from t h e  molybdenum 

A small temperature grad ien t  

tube  t o  the porous tungsten plug. However, on ly  an average emitter 

temperature w a s  recorded. 
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A single wire, hot-wire calorimeter probe shown in figure 2 was used 

to measure the power distribution through the ion beam. 

similar in construction to the hot-wire probe rakes described in detail 

in reference 3. 

the emitter and at a station 7.1 inches downstream of the emitter. The 

probe passes across the centerline of the beam, and thus corresponds to 

a measurement across the diameter of the beam. The probe is mounted 

through a grease sealed vacuum fitting to a remote controlled 12 inch 

actuator. 

deep well in the side of the housing. 

recorded on an x-y recorder setup identical to that described in 

reference 3. The hot-wire detection circuit is also that of reference 

3. 

ployed for all the measurements. 

This probe is 

The probe traverses the ion beam in a plane parallel to 

When not surveying, the probe was retracted into a 3 inch 

The output of the transducer was 

A 0.0004 inch diameter platinum-iridium wire 0.20 inches long was em- 

TEST RESULTS AND DISCUSSION 

Ion Beam Measurements 

The present results for the most part are taken from hot-wire 

calorimeter measurements. Therefore, evidence is presented to es- 

tablish the usability of a single probe to evaluate overall performance. 

For one probe traverse to be sufficient to obtain overall power it is 

necessary that the bean be nearly cylindrical and symmetric. 

copper sheet calorimeter was placed in the beam at the approximate 

downstream location where the hot-wire traces were taken. After a short 

operating time it was discovered that the ion beam had sputtered the 

calorimeter plate in the pattern shown in figure 3. Similar sputtering 

patterns established that the beam is approximately cylindrical for all 

operating conditions. The sputtering of the plate calorimeter, while 

A 2 inch 
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ideal f o r  showing beam shape, quickly becomes a problem. 

spu t t e red  copper i s  p l a t ed  out  on the  ion  emitter and a c c e l e r a t o r  system 

leading  t o  excessive e l e c t r i c a l  breakdown within the engine. 

ca lor imeters  proved undesirable  i n  the  p re sen t  test  setup,  s i n c e  they  

could not  be moved far  enough downstream t o  prevent  much of the spu t t e r ing  

material from reaching t h e  engines.  

Much of the  

The plate  

No evidence of any asymmetry was observed i n  t h e  s p u t t e r i n g  p a t t e r n .  

Since the ion  emitter and acce le ra to r  are symmetric, t h e r e  appears t o  be 

no reason t o  be l i eve  t h e  ion  beam produced should not  be  approximately 

symmetrical. 

anupward s h i f t i n g  i n  t h e  base l i n e  of each p r o f i l e  due t o  both  t h e  

thermal  r a d i a t i o n  e f f e c t  of the ho t  tungsten emitter and a s l igh t  in- 

c r ease  i n  t h e  support  temperature of t h e  probe as t h e  beam i s  t raversed .  

The s h i f t  i n  t h e  zero power l e v e l  due t o  the  two e f f e c t s  i s  shown as t h e  

dashed curves Oh each t r a c e  ( t h e  s h i f t  can be ca lcu la ted ,  see ref. 4 

f o r  a given inpu t ) .  

t h e  v e r t i c a l  d i s t ance  between t h e  s o l i d  and dashed curves.  For t h e  most 

part t h e  p r o f i l e s  are reasonably symmetrical about t h e  c e n t e r l i n e .  

Typical hot  w i r e  surveys are shown i n  f i g u r e  4. There is 

The power due t o  t h e  ion  beam is propor t iona l  t o  

T o t a l  power w a s  computed from each p r o f i l e  us ing  d i g i t a l  computing 

equipment. A t e l e reade r  w a s  used t o  read t h e  l o c a l  power from t h e  curve 

a t  s p e c i f i c  d i s t ances  from t h e  center l ine .  The i n t e g r a l  

2 ( l o c a l  power dens i ty  f o r  an element Ar)  X ( d i s t a n c e  from % ) d e  (6) 

is  formed and evaluated d i g i t a l l y .  Separate  integrals are evaluated f o r  

t h e  lef t  and r i g h t  sides of t h e  t r aces ,  so that any asymmetry observed 

i n  t h e  two halfs of the p r o f i l e  is  roughly compensated. 

d a t a  presented  two t r a c e s  were taken; one f o r  t he  i n i t i a l  t r a v e r s e  and one 

For most of t h e  
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when the probe is withdrawn. 

ment between repeat profiles was %.l watts or about 1 percent for the 

average operating condition. The absolute accuracy of any hot-wire calo- 

rimeter survey cannot be assessed as yet, because of the uncertainty in 

the accommodation coefficient (no greater than 10 percent error is ex- 

pecte6) reference 3. 

For the majority of the measurements agree- 

Figure 5 compares a typical set of total power measurements obtained 

from the hot-wire profile with power obtained from meters. 

current to ground times the voltage on the emitter should equal the total 

power in the beam if no external electrons from the test facility migrate 

to the ion beam source. 

that no extraneous electrons from outside the monitored system enter the 

electrical circuits shown in figure l(b). 

on figure 5 are systematic in such a manner as to imply extraneous 

electrons have entered the electric circuits. In figure 6 some of the 

data of figure 5 have been replotted in a different form. Figure 6(a) 

shows that the metered and calorimeter measurements systematically ap- 

proach one another as the accelerator voltage is increased. Due to 

aperture effects, the total power of the rocket would not be expected to 

reach the Child's law curve. 

figure 6(a) are high, particularly at low accelerator potentials, due to 

extraneous electrons, which are "cut-off'' at the larger accelerator 

potentials. 

agreement. The vaporizer temperature is an effective measure of the 

beam density below space-charge limited operation. The denser the beam 

of positive ions the more likely it is that extraneous electrons will fall 

The net 

To compute the power from the meters it is assumed 

The regions of disagreement 

This suggeststhat the meter readings of 

Figure 6(b) shows the effect of vaporizer temperature on the 
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to the emitter. 

between metered and hot-wire power is traceable to extraneous electrons: 

In both examples of figure 6 it appears the difference 

which cause some of the metered data to be erroneously high. 

Under the most favorable conditions it appears the meters and hot- 

wire measurements agree. When disagreement occurs it appears that the 

deviation is systematic in the metered current data. Therefore, it is 

assumed herein that the hot-wire calorimeter measurements are more likely 

to be a true indication of beam power for all operating conditions. Only 

the critical ionizer emitter current density data and accelerator im- 

pingement data were taken from metered currents (figs. 8, 12, and 19). 

Ionizer Study 

Ion source calibration. - At the outset of the experimental program 
By an effort was made to determine the porous tungsten characteristics. 

evaluating the volume flow characteristics of the emitter in nitrogen, 

the maximum ion current possible from the surface can be predicted for 

any given vaporizer pressure (ref. 8). 

give an indication of the average pore size of the porous emitter. 

Figure 7 shows the cold flow calibration obtained for the present emitters. 

These data were obtained by T. W. Reynolds in a small nitrogen flow cali- 

bration procedure and rig are described in reference 8. 

mass flow and pressure drop data, an average pore diameter of 5 microns 

was calculated for the porous tungsten (for calculation procedure see ref. 

8). 

normally be less than 1 mm Hg, which is the lower limit of the calibration 

rig. However, the flow for AP <lo mm Hg is free molecular for the porous 

tungsten samples; therefore, the slope of the flow against pressure drop 

curve should be equal to 1 as can be seen in figure 7. The data of figure 7 

The flow characteristics also 

From the measured 

In operation the vapor pressure of cesium (5x10'* to 1 mm Hg) will 
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w e r e  used t o  determine that the v a l u e  of nitrogen f l a w  a t  1 mm Hg pres- 

s u r e  drop is 5 . 5 ~ 1 0 - ~  standard cubic feet /second.  This  value w a s  then 

used t o  accu ra t e ly  spec i fy  the ca l ib ra t ion  curve i n  the free molecular f low 

region below 1 mm Hg. 

From t h e  flow c a l i b r a t i o n  curve a maximum ion cur ren t  fo r  a given 

vaporizer  temperature can be predicted f o r  t h e  emitter. The cu r ren t  is 

equal  t o  the number of p a r t i c l e s  per second flowing through t h e  emitter 

t i m e s  t h e  e l e c t r i c a l  charge of each p a r t i c l e ;  converting t o  cesium r a t h e r  

than n i t rogen  gives  

Ehitter cu r ren t  = ar t  i c les 

A.R. cesium 
x.m (m Hg) A . R .  ni t rogen  ( 7 )  

where A .  R. cesium is t h e  a r r i v a l  r a t e  of cesium defined from k i n e t i c  

theory  as 

3.52X1022 P (mm,Hg. )  

4 T  X molecular weight 
A r r i v a l  rate = 

Equation ( 7 )  reduces t o  

Einitter cu r ren t  = 31.1X.10- x (amperes) ( 9 )  

Ehploying a vapor pressure aga ins t  temperature curve f o r  cesium ( r e f .  16) 

the emi+,+,er cur ren t  aga ins t  vaporizer temperature curve of f i g u r e  8 i s  

obtained.  

The s t r a i g h t  g r i d  w i r e  a cce l e ra to r  w a s  used t o  check t h e  p red ic t ed  

ion  c u r r e n t .  The spacing between the emitter and g r i d  wires w a s  0.08 

inches .  Limited running t i m e  was ava i l ab le  wi th  tne  p a r t i c u l a r  setup,  
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s ince  the  high cur ren t  dens i ty  beams quickly s p u t t e r  t h e  g r i d  w i r e s .  

high vaporizer  temperatures the predic t ions  of equation (9)  are q u i t e  good. 

The discrepancy a t  l o w  vaporizer temperature may i n  p a r t  be t i e d  t o  a 

problem encountered e a r l y  i n  t h e  experimental program. 

that no matter  how c a r e f u l l y  t h e  emitter was cleaned chemically between 

runs 2 small ion bein i s  prod.iced on hea t ing  of the emitter and t h e  appl ica-  

t i o n  of p o s i t i v e  p o t e n t i a l  t o  t h e  emitter. 

t h e  ''ion beam" f o r  a matter of hours before  t h e  " d i r t  ions" were ex- 

hausted; although cu r ren t s  before  t h e  capsule of cesium is broken 

normally do not  exceed one milliampere. Thus, t h e  discrepancy between 

theory and observation a t  low c u r r e n t  d e n s i t i e s  are apparent ly  t r a c a b l e  

t o  t h e  " d i r t  ions" which determine the  noise  l e v e l  of t he  experiment. 

Because of t h e  g r i d  w i r e  spu t t e r ing  problem and a l s o  t h e  l imi t ed  test 

t i m e  available f o r  t h e  present  research program, it w a s  impossible t o  

a l low extensive t i m e  f o r  t h e  emitter t o  c lean itself before  t h e  tests 

were made. 

For 

It was discovered 

It w a s  poss ib l e  t o  operate  

Surface ion iza t ion  i s  an adsorption r eac t ion  process.  

t h e  p rope r t i e s  a t  the sur face  of the  i o n i z e r  are of importance. 

tungsten samples do not  appear t o  e f f e c t  t h e  ion iza t ion  e f f i c i ency  

g r e a t l y .  The temperature of t h e  ion izer ,  however, w i l l  have an ap- 

p rec i ab le  e f f e c t  on t h e  ion iza t ion  e f f ic iency .  

f e c t  of emitter temperature on hot-wire calor imeter  measured t o t a l  power 

of a given source configurat ion 

l imi ted"  range of operat ion.  

cesium w a s  maintained a t  a constant  value and only t h e  emi t te r  temperature 

is  var ied .  

Therefore, 

D i f f e r e n t  

Figure 9 shows t h e  ef- 

that is  w e l l  wi thin t h e  "vaporizer  

I n  the  example shown t h e  a r r i v a l  rate of 

A t  some " c r i t i c a l  temperature" t h e  production of ions diminishes 
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grea t ly .  Upon increas ing  t h e  temperature of  t h e  ion emitter, it w a s  

found that a h y s t e r e s i s  i n  emitter c r i t i c a l  temperature occurred. This 

hys t e re s i s  can be  explained from the  experimental  data on t h e  evaporation 

of cesium from tungsten repor ted  by Taylor and Langmuir, re fe rence  9.  A l -  

though t h e  evaporation da ta  w a s  fo r  s o l i d  tungsten,  the q u a l i t a t i v e  re- 

s u l t s  are va l id  f o r  t h e  p re sen t  observation. 

re ference  10, have r ep lo t t ed  t h e  evaporation da ta  i n  terms of t o t a l  

evaporation rates ( ions  p lus  atoms) as a func t ion  of monolayer absorbed 

on the  tungsten.  

f r a c t i o n  of monolayer absorbed on sur face  a g a i n s t  tungsten emitter 

temperature a t  a constant  arrival r a t e  may be constructed as shown i n  

f i g u r e  10. 

decreased from po in t  A t o  po in t  E. 

production w i l l  b e  nea r ly  constant .  As t h e  temperature i s  decreased 

from po in t  D t o  E, t h e  only po in t  on the curve corresponds t o  atoms 

mainly and no t  ions ,  thus,  t h e  ion  beam i s  reduced t o  a very l o w  value.  

If now t h e  emitter temperature is increased from E t o  F, t h e  l aye r  

absorbed decreases  along t h e  atom curve. 

from p o i n t s  F t o  G t o  H, t h e  ion beam begins  t o  reappear  as some ions  

as w e l l  as atoms are evaporated f rom t h e  tungsten su r face .  

reaching an emitter temperature a t  po in t  I, t h e  f r a c t i o n  of a monolayer 

absorbed decreases  sha rp ly  t o  t h e  ion curve, and t h e  production of ion 

is g r e a t l y  increased.  

Reynolds and Childs, 

Following the work of Reynolds and Childs a curve of 

Now consider w h a t  happens as t h e  emitter temperature i s  

Between p o i n t s  A and D t h e  ion  

As the temperature inc reases  

Upon 

Figure  11 shows t h e  measurements obtained for  t h e  c r i t i c a l  emitter 

temperature aga ins t  f low rate (vaporizer  temperature) f o r  t h e  present  

emitter. The open po in t s  shown on f i g u r e  11 were obtained w i t h  t h e  
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s t r a i g h t  g r i d  w i r e  a c c e l e r a t o r  whereas t h e  s o l i d  po in t s  were taken with 

t h e  P ierce  a c c e l e r a t o r s .  In  all cases w i t h  t h e  s t r a i g h t  g r i d  wires no 

t r u e  beam shutof f  w a s  observed. Rather, a po in t  w a s  reached where the  

negat ive a c c e l e r a t o r  appeared t o  shor t  out  d i r e c t l y  t o  t h e  p o s i t i v e  

emitter. 

condi t ions ( e .  G. Te 07 

d i t i o n s ,  suggest ing t h a t  t h e  e l e c t r i c a l  coupling w a s  brought about by 

n e u t r a l  cesium vapor. 

phys i ca l ly  f a i l e d  due t o  s p u t t e r i n g  are included t o  he lp  e s t a b l i s h  the 

upper l i m i t  of t h e  f a i r e d  curve shown on f i g u r e  11. 

corresponds t o  t h e  maximum po in t  of t h e  curves of ske tch  1, and w a s  

obtained i n  t h e  p re sen t  case by  cooling t h e  emitter. 

po in t s  were taken f o r  condi t ions corresponding t o  t h e  lower curve. The 

upper curve corresponds t o  t h e  minimum po in t  of t h e  curves of f i g u r e  10, 

and w a s  obtained by increas ing  t h e  emi t te r  temperature.  

In  each case the  apparent shor t  disappeared when t h e  opera t ing  

TvtIp) were cb.-.n&ed fi-oi~l tbe neur c r i t , i c a l  con- 

The two points  where the  negat ive acce le ra to r  

The lower curve 

All of t h e  open 

The maximum curren t  dens i ty  corresponding t o  t h e  emitter c r i t i c a l  

temperature has been evaluated by Reynolds ( ref .  8 ) ,  from t h e  da t a  of 

Taylor and Iangmuir (ref.  9 ) .  

f o r  the e f f e c t  of pore s i z e  of porous tungsten.  

f o r  a 5p pore diameter emitter a r e  shown i n  f i g u r e  1 2 .  Data obtained 

wi th  t h e  g r i d  w i r e  a c c e l e r a t o r  assembly near  t h e  c r i t i c a l  emitter tempera- 

t u r e  (po in t  D on f i g u r e  10) are also included on f i g u r e  1 2 .  

da t a  shown on figure 1 2  a r e  in su f f i c i en t  f o r  d e f i n i t e  conclusions t o  be 

drawn, the  experimental  da t a  seem t o  be  i n  good agreement wi th  t h e  pre- 

d i c t e d  values .  

The maximum cur ren t  may a l s o  be cor rec ted  

Reynolds' p red ic t ions  

Although tk 
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The one p iece  of da t a  missing from t h e  present  i on ize r  s tudy i s  t h e  

cesium ion iza t ion  e f f i c i ency .  

so g r e a t l y  over a running period, t h a t  i t  proved imprac t ica l  t o  compute 

t i m e  i n t eg ra t ed  t o t a l  power f o r  comparison wi th  t o t a l  cesium consumption 

f o r  a given run. 

The conditions of t h e  ion  source were var ied  

P ierce  Accelerator Charac t e r i s t i c s  

Design problems of i on  acce lera t ion  and o p t i c s  for  real systems can 

be solved by analog o r  approximate a n a l y t i c a l  techniques.  

approach w a s  t o  chose a r e l a t i v e l y  simple geometry f o r  which a v a r i e t y  of 

a n a l y t i c a l  formulas are known from e lec t ron  gun design.  

The present  

To ta l  beam power. - It has long been recognized i n  e l ec t ron  gun 

design tha-c The a c t u a l  beam cur ren t  w i l l  f a l l  below the design value f o r  

s p e c i f i c  condi t ions (ref.  5).  

t h e  r a t i o  of acce le ra to r  spacing t o  beam diameter i s  l e s s  than about two 

(e. g. , ref.  6, p .  183). 

r a t i o  near  one, some decrease i n  voltage g rad ien t  a t  t h e  center  of the 

emitter would b e  expected. 

t o  decrease t h e  ion  cu r ren t  dens i ty  near  t h e  axis  of t h e  c y l i n d r i c a l  

beam, and t h i s  "hollowing" of t h e  beam lowers t h e  n e t  power output .  

e f f e c t s  of t h e  a c c e l e r a t o r  aper ture  are expected t o  be  more pronounced 

as t h e  aspec t  r a t i o  decreases from 1,5 t o  0.6. No r e l i a b l e  a n a l y t i c a l  

techniques are ava i l ab le  t o  make quan t i t a t ive  estimates. But ,  analog 

experience i n  e l e c t r o l y t i c  tanks has l ead  t o  some "rules-of-thumb," 

( r e f .  11). 

w a s  t o  determine t h e  discrepancy between Ch i ld ' s  law p red ic t ions  and a c t u a l  

measurements. 

Spec i f ica l ly ,  d i f f i c u l t y  i s  encountered if 

Since t h e  present  design c a l l e d  f o r  an a spec t  

This  so-cal led "aper ture  e f f ec t "  i s  expected 

The 

Therefore, one of t h e  experimental ob jec t ives  of t h i s  work 
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Figure 13 shows a n  example of the  t o t a l  space charge-limited beam 

curren t  obtained from hot-wire measurements 

Tota l  beam power Beam cur ren t  = Voltage on t h e  c 
For f i g u r e  13 t h e  acce lera t ion  voltage i s  t h e  vol tage d i f f e rence  between 

emitter and acce le ra to r .  For each value of 2/D similar d a t a  were ob- 

ta ined .  

reach t h e  t h e o r e t i c a l  cur ren t .  

I n  no case d id  t h e  measured cur ren t  f o r  t h e  open ape r tu re  case 

By f i t t i n g  a 3/2 power curve through t h e  

measurements an estimate of t h e  e f f e c t  of aper ture  without g r i d  wires f o r  

d i f f e r e n t  values of 2/D w a s  made. Figure 14 is  a summary of t he  

measured ape r tu re  e f f e c t  on beam curren t .  

l a r g e r  

A s  suggested above, a t  t h e  

2/D r a t i o s  t h e  aper ture  e f f e c t  i s  diminished and t h e  da ta  ap- 

proach Ch i ld ' s  l a w  pred ic t ions .  

The use  of g r i d  w i r e s  across  the P ierce  acce le ra to r  ape r tu re  should 

produce a f la t ter  p o t e n t i a l  gradient  and, thereby, reduce t h e  aper ture  

e f f e c t .  Figure 13 a l s o  shows t h e  power measured f o r  t h e  P ierce  accelera- 

t o r  with g r i d  wires. The g r i d  wires b r i n g  t h e  power i n t o  c lose  agreement 

with Ch i ld ' s  law. 

Beam spreading. - The width of t h e  ion beam a t  t h e  hot-wire ca lo r i -  

meter surveying s t a t i o n  (X = 7 . 1  i n .  downstream of emitter) is  obtained 

from t h e  recorded t r aces .  

of t h e  p r o f i l e s ,  such as shown i n  f igu re  4 ( a ) ,  s t r a i g h t  down across  t h e  

dashed curves.  

as it represents  l a g  i n  t h e  recording equipment. 

v a r i a t i o n  i n  beam width observed a t  d i f f e r e n t  f low rates a t  an acce le ra to r  

a spec t  r a t i o  of 0.87. 

The width is  estimated by extending t h e  edges 

The s l i g h t  rounding a t  t h e  end of each p r o f i l e  is  neglected,  

Figure 15(a) shows t h e  

When t h e  beam i s  space charge l imi t ed  t h e  width of 
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t h e  beam remains constant  independent of n e u t r a l  cesium a r r i v a l  rate. 

Figure 15(b)  shows t h e  beam spread obtained when g r i d  w i r e s  were placed 

across  t h e  ape r tu re  of t h e  acce lera tor .  For a l l  cases it w a s  found t h a t  

t he  g r i d  w i r e s  reduce the  beam width over that of t h e  open aper ture .  

Figure 16(a)  and ( b )  summarizes t h e  space-charge-limited beam width 

f o r  t h e  d i f f e r e n t  aspec t  r a t i o s .  

t h e  beam spreads.  The da ta  a r e  cor re la ted  i n  terms of the  n e t  a c c e l e r i  

a t i n g  vol tage divided by t h e  emit ter  vol tage.  The reason f o r  p l o t t i n g  

aga ins t  AV/V will become c l e a r e r  when t h e o r e t i c a l  beam spreading re- 

l a t i o n s  are considered. 

The smaller  t h e  aspec t  r a t i o  t h e  greater 

Aperture e f f e c t  on beam spreading. - F a i r l y  e labora te  design pro- 

cedures have been developed t o  pred ic t  e l ec t ron  beam spreading (e .  @;. 

ref. 13). 

present  ion beams. It is  important t o  emphasize t h e  approximate n a t u r e  

of t hese  t h e o r e t i c a l  p red ic t ions  when appl ied t o  t h e  present  case.  The 

b a s i s  of t h e  method is  t h e  assumption t h a t  t he  acce le ra to r  can be t r e a t e d  

a s  a t h i n  l e n s  ( l e n s  dimension is  shor t  compared with t h e  f o c a l  l eng th ) .  

Further ,  t h e  angle  an  ion makes w i t h  t h e  a x i s  of symmetry i s  assumed 

small, s o  t h a t  t h e  equations governing t h e  spreading can be s impl i f ied  

by n p a r a x i a l  ray" assumptions. 

charge e f f e c t s  i n  t h e  acce le ra to r  region nor f o r  t h e  p o t e n t i a l  depression 

a t  t h e  emitter due t o  t h e  ape r tu re  i n  t h e  acce le ra to r  e lec t rode .  

experience reported on e lec t ron  gun design ( ref .  14) suggest that t h e  

simple assumptions are adequate. 

These procedures can be appl ied a t  l e a s t  i n  p a r t  t o  t h e  

Thus, no allowance i s  made f o r  space 

However, 

For a l l  t h e  measurements reported herein t h e  acce lera t ion  system is  

operated i n  an "accel-decel" mode. That is, t h e  acce le ra t ing  e l ec t rode  i s  
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operated negat ive wi th  r e spec t  t o  ground and t h e  plasma p o t e n t i a l  is  

assumed t o  r e t u r n  t o  near  ground without a phys ica l ly  grounded e l ec t rode  

being used ( ref .  1 2 ) .  No previous systematic s tudy  of t h e  ion  o p t i c a l  

p rope r t i e s  of a "v i r tua l t t  dece lera tor  o r  ground are a v a i l a b l e .  Such da ta  

i s  des i r ab le ,  s ince  Kaufman, re ference  15, f i n d s  t h a t  t h e  use  of a 

"v i r tua l "  e l ec t rode  may have many p r a c t i c a l  advantages i n  a c t u a l  space 

rocke ts .  

v i r t u a l d e c e l e r a t m w i l l  vary as a funct ion both  of  t h e  negat ive ac- 

It seems reasonable t o  assume t h a t  t h e  s p a t i a l  p o s i t i o n  of a 
.-L . 

c e l e r a t o r  p o t e n t i a l  and t h e  i o n  beam dens i ty .  For small negat ive ac- 

c e l e r a t o r  p o t e n t i a l s ,  t h e  beam spreads due t o  t h i n  l e n s  e f f e c t  and t h e  

un ive r sa l  beam spread r e s u l t s ,  b u t  deviat ions may be encountered when 

t h e  emi t te r -acce lera tor  vol tage d i f fe rence  becomes apprec iab ly  greater 

( 2  o r  more times) than t h e  emi t t e r  voltage.  The ion  o p t i c a l  proper- 

t ies i n  t h e  dece lera t ion  region are in t ima te ly  connected with t h e  space 

charge n e u t r a l i z a t i o n  of t h e  exi t  beam by e l ec t rons .  

T h r e e  poss ib l e  f a c t o r s  which may con t r ibu te  t o  beam divergence are: 

(a)  t h e  s l i g h t l y  enlarged acce lera tor  aper ture ,  ( b )  t h e  l e n s  a c t i o n  of 

t h i s  ape r tu re  and ( c )  t h e  space charge spreading of t h e  ex i t  beam. 

Sketch 1 shows t h e  f ixed  angle  spreading e f f e c t s  of (a)  and ( b ) .  The 

f o c a l  length  of t h e  diverging aper ture  of t h e  a c c e l e r a t o r  i s  

fapertwe = 5.722 (10) 

Spangenberg ( ref .  13, p. 354) gives  t h e  fol lowing equation f o r  a s ing le-  

aperture l e n s  
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Plane of 

Sketch I. - Beam spreading. 

where 

region of appreciable  p o t e n t i a l  va r i a t ion  and 

po in t  t o  t h e  r i g h t  of t h e  l ens .  

vol tage 

V0(Z2) 

ce l e ra to r ,  therefore ,  t h e  s lope  VA(Z1) is  approximately Vo( Z2)/2, and 

t h e  l e n s  f o c a l  length  i s  

Z1 r e f e r s  t o  a po in t  t o  t h e  l e f t  of t h e  l e n s  j u s t  ou ts ide  of t he  

Z2 r e f e r s  t o  a corresponding 

For s impl i c i ty  it i s  assumed t h a t  t h e  

Vo(Z2) remains constant  beyond t h e  acce lera tor ,  t h u s  VA(Q) = 0. 

corresponds t o  t h e  vol tage d i f fe rence  between emitter and ac- 

(12)  flens = -42 

and t h e  combined ape r tu re  and lens  foca l  length  is 

l l f t o t a l  = V f a p e r t u r e  + l/-Plens (13) 

It is  not  c e r t a i n  t h a t  t h e  oversized ape r tu re  will be important i n  t h e  

beam spreading. However, t h e  l ens  e f f ec t  w i l l  d e f i n i t e l y  be a f a c t o r .  

a f 
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Spangenberg ( ref .  13, p .  454) suggests.  t h a t  the add i t ion  of g r i d  wires 

w i l l  not change t h e  l a r g e  aper ture  e f f ec t ,  b u t  t h e  ind iv idua l  holes  i n  

t h e  gr id  w i l l  each have an ac t ion  similar t o  t h a t  of t h e  l a r g e  ape r tu re  

and with t h e  same f o c a l  length.  

The un ive r sa l  beam spread relat ions due t o  space charge has been 

developed i n  d e t a i l  f o r  e lec t rons .  

s u l t s  necessary f o r  p red ic t ing  beam spreading i n t o  a s i n g l e  curve 

( ref .  13, p. 465). 

t a i n  r ad ius  inc rease  of  beam d i r e c t l y  is  

Spangenberg has summarized t h e  re- 

The parameter necessary t o  e n t e r  t h e  curve t o  ob- 

where Z is  t h e  d i s t ance  downstream t o  t h e  measuring s t a t i o n ,  ro i s  

the  r ad ius  of t h e  ion  beam where the  i o n  flow i s  o r i g i n a l l y  p a r a l l e l .  

J i s  t h e  beam cur ren t  and V i s  the  beam vol tage .  From Chi ld’s  l a w ,  

equation (1) the  beam cur ren t  can be computed as 

where re is t h e  r ad ius  of  t h e  emi t te r .  Equation (14), thus,  l eads  t o  

t h e  necessary parameter f o r  beam spreading as 

Constant X - 
r o  1 

For a f i x e d  value of  2/D t he  beam spread should be  a func t ion  of AV/V 

only. That t h e  beam spread is  a funct ion of AV/V w a s  demonstrated i n  

f i g u r e  18, where it w a s  assumed that t h e  n e t  beam acce le ra t ing  vol tage is  

equal  t o  t h e  emitter vol tage.  
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In  f i g u r e  1 6  da t a  taken with and without g r i d  wire ac ross  t h e  aper- 

t u r e  a r e  compared wi th  d i f f e r e n t  modes of beam spreading. I n  a l l  cases,  

an allowance f o r  ape r tu re  p lus  lens  e f f e c t  p lus  un ive r sa l  beam spreading 

overpredic t  t he  observed spread g t t h e  survey s t a t i o n .  

spread due t o  l e n s  a c t i o n  and the  universa l  beam spread seems t o  ap- 

proximate t h e  data f o r  t h e  open aper ture  case and AV/V < 2 .  

of  t h e  g r i d  w i r e  data ,  on ly  the  universa l  beam spreading w a s  needed t o  

f i t  t h e  spread; however, it w a s  necessary t o  u s e  ro = 0.50 inch  cor- 

responding t o  t h e  acce le ra to r  diameter i n  t h e  un ive r sa l  beam spread 

r e l a t i o n s .  For t h e  open aper ture  case, t he  emi t t e r  r ad ius ,  ro = 0.41 

inch  co r re l a t ed  t h e  da t a  b e s t .  Above a AV/V of 2 t h e  open aper ture  

beam spreads a t  a rate much less than even the  un ive r sa l  beam spreading 

p r e d i c t s .  Above a AV/V of 2, t he  magnitude of t he  acce le ra to r  vol tage 

exceeds t h e  magnitude of t h e  pos i t i ve  emitter vol tage.  Here the  e f f e c t  

of a v i r t u a l  e l ec t rode  t o  r e tu rn  the  beam t o  ground p o t e n t i a l  is most 

pronounced. 

may con t r ibu te  t o  the l ack  of spread. 

a p e r t u r e  would genera l ly  have a focusing l e n s  a c t i o n  ( r e f .  13), which 

might i n  p a r t  compensate f o r  t h e  defocusing a t  t h e  a c c e l e r a t o r .  

of more importance, t h e  l a r g e  negative p o t e n t i a l  of t h e  a c c e l e r a t o r  

would tend t o  "push" t h e  plane of t h e  v i r t u a l  dece le ra to r  f u r t h e r  and 

f u r t h e r  downstream. The e f f e c t i v e  length from t h e  plane of the hot  w i r e  

survey t o  t h e  v i r t u a l  dece le ra to r  i s  much s h o r t e r  a t  the  high p o t e n t i a l  

than a t  the  lower p o t e n t i a l s .  

w i r e s  t o  t e l l  much about t h e  spreading beyond AV/V = 2. 

The sum of t h e  

I n  t h e  case 

Severa l  f a c t o r s  assoc ia ted  with t h e  v i r t u a l  "decelerator"  

F i r s t ,  a real  "decelerat ing" 

Perhaps 

The data i s  t o o  l imi t ed  i n  t h e  case of g r i d  
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Beam neutralization. - If the beam is essentially neutralized down- 
stream of the virtual decelerator then the beam would spread at a constant 

angle, determined by the radial velocity component at the plane of neutrali- 

zation. This effect could in fact explain the lower spreading rate observed 

in figure 16(a) at the high voltage rates. However, the present ion beam 

is thin enough that it may extend for a great distance without neutraliza- 

tion. 

No systematic program relating to beam neutralization has as yet 

been run with the present ion beam. A 0.005 inch diameter tantalum wire 

was mounted across the beam at a distance of 5.6 inches downstream of the 

emitter for all the runs reported. For most of the data reported the 

tantalum wire was heated only slightly and operated at essentially ground 

potential. Typical surveys across the ion beam with different degrees 

of electron emission from the tantalum wire are shown in figure 17. The 

major effect observed by the hot wire calorimeter in figure 17 is the in- 

crease in thermal radiation obtained from the hot tantalum wire. The 

hot-wire, which surveys a plane 1.5 inches downstream of the neutralizer 

wire, travels at a right angle to the neutralizer. The location of the 

neutralizer wire may be noted on figure 17 by the blip caused by the 

shadow of the wire near the centerline of the survey. Some evidence of 

a local increase in power density is occasionally observed near the 

neutralizer wire. 

Internal secondary electrons. - Efficient ion rocket designs will 
require maximum acceleration of ions with minimum interference. The 

design of an accelerator with no ion impingement is the aim of several 
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curren t  research  p ro jec t s .  

a n a l y t i c a l  technique f o r  ob ta ic ing  t h e  i d e a l  condi t ions a t  t h e  design 

p o i n t .  However, f u t u r e  operat ion w i l l  r equ i r e  o f f  as w e l l  as on-design 

performance from a given acce lera tor .  

s e v e r a l  i n t e r e s t i n g  observations i n  regard t o  acce le ra to r  impingement. 

Some impingement and spu t t e r ing  i s  encountered on t h e  a c c e l e r a t o r  

The Pierce acce le ra to r  system offers an 

The present  eva lua t ion  has yielded 

i n  a l l  t h e  runs reported.  

t o  fo l low a t rend  ind ica ted  by f i g u r e  18(a). 

impingement occurs a t  approximately t h e  design po in t  of space charge 

l imi t ed  flow. The minimum is bounded by a reduct ion i n  a c c e l e r a t o r  

impingement f o r  less than space charge l imi t ed  flow, and a more gradual  

decrease a t  t h e  higher  n e u t r a l  cesium f low r a t e s .  The region of vaporizer  

temperatures j u s t  below t h e  minimum is a highly uns tab le  opera t ing  con- 

d i t i o n  f o r  t h e  system. 

Figure 18(a) shows t h e  e f f e c t  of impingement f o r  two d i f f e r e n t  

emitter temperatures.  Figure 18(b) f u r t h e r  shows t h e  e f f e c t  of emi t t e r  

temperature on acce le ra to r  impingement a t  a f ixed  vaporizer  temperature 

i n  the space charge l imi t ed  flow region. Figure 1 9  shows t h e  hot  w i r e  

surveys corresponding t o  the impingement measurements of f i g u r e  18( b )  . 
The inc rease  i n  impingement with emitter temperature might be explained 

as due t o  t h e  increased thermal ve loc i ty  of t h e  emitted ions .  However, 

a s t r ik ing  change occurs i n  t h e  power d i s t r i b u t i o n  curves of f i g u r e  19, 

when t h e  impingements begins t o  r i s e  sharply.  

v e l o c i t i e s  causing a not iceable  e f f e c t  on o v e r a l l  beam shape, l o c a l  

maximums i n  power dens i ty  start  t o  appear. 

t h e  l o c a l  peaks was found t o  co r re l a t e  w e l l  wi th  t h e  increase  i n  emitter 

With accurate  alignment t h e  impingement appears 

The sharp minimum i n  percent  

Ins tead  of thermal 

The power contained within 
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cur ren t .  However, t h e  o v e r a l l  addi t ion  i n  power as computed from the  

hot  w i r e  surveys i s  not  g r e a t l y  a f f ec t ed  by  the l o c a l  maximums. The 

increase  i n  emitter cur ren t  w a s  thought t o  be  due t o  secondary e l e c t r o n s  

caused by t h e  acce le ra to r  sput te r ing .  This l ead  t o  t h e  specula t ion  that 

t h e  l o c a l  maximums were i n  some way r e l a t e d  t o  t h e  ion  impingement on t h e  

acce le ra to r .  

The hot w i r e  i nd ica t e s  only the  power contained i n  t h e  beam. No 

d i s t i n c t i o n  

Therefore, i n d i r e c t  observat ions were required t o  i n f e r  t h a t  t h e  l o c a l  

maximums are due t o  ions .  Figure 20 shows a t y p i c a l  a c c e l e r a t o r  with 

g r i d  wires after operat ion i n  t h e  ion  beam. I n  a l l  cases  it w a s  found 

that a reg ion  of high spu t t e r ing  occurred i n  a c i r c l e  smaller i n  diameter 

than t h e  a c c e l e r a t o r  aper ture .  The region of maximum s p u t t e r i n g  appears 

t o  correspond t o  t h e  l o c a l  maximums i n  power dens i ty  observed downstream 

( f i g .  19 ) .  It seems almost impossible t h a t  e l ec t rons  could ever s t r i k e  

t h e  g r i d  w i r e s ,  s i nce  they  are a t  high negat ive p o t e n t i a l .  Thus, it is  

concluded t h a t  t h e  l o c a l  maximums i n  power d e n s i t y  must be  due t o  p o s i t i v e  

ions .  

can be made between ions o r  e l ec t rons  of equal  energy. 

A f u r t h e r  b i t  of information r e l a t i n g  t o  t h e  problem i s  shown i n  

f i g u r e  21. When the non-Pierce g r i d  w i r e  a c c e l e r a t o r  w a s  operated,  no 

l o c a l  maximums corresponding t o  figure 19 were observed. In  f i g u r e  2 1  

a t y p i c a l  spu t t e red  g r i d  w i r e  i s  shown. No acce le ra to r  edge w a s  p re sen t  

i n  t h i s  case, so  t h e  maximum spu t t e r ing  i s  over t h e  e n t i r e  cen te r  region 

of t h e  wire and not  a t  t h e  edges. The run condi t ions are d i f f e r e n t  f o r  

t h e  d i f f e r e n t  acce le ra to r s ,  therefore ,  t h e  exac t  r o l e  of t h e  a c c e l e r a t o r  

l i p  i n  producing t h e  l o c a l  power maximums can not  as ye t  be d e f i n i t e l y  

e s t ab l i shed .  
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A poss ib le  improvement of t he  acce lera tor .  - The observation of 

l o c a l  maximums i n  ion beam power dens i ty  has l e d  t o  t h e  experimental 

t e s t i n g  of a poss ib le  means of improving ion acce le ra t ion .  Although t h e  

mechanism producing t h e  l o c a l  beam power increase  is not  known, it i s  

bel ieved t o  be d i r e c t l y  connected with secondary e l ec t rons  caused by t h e  

acce le ra to r  spu t t e r ing .  It i s  thought t h a t  t h e  sput te red  mater ia l  has 

i n  some way a f f ec t ed  t h e  l o c a l  space charge d i s t r i b u t i o n  within the  

acce le ra to r  system. With these thoughts i n  mind a con t ro l l ab le  e l ec t ron  

emitter w a s  mounted i n  t he  region between the ion  emitter and the  ac- 

c e l e r a t o r .  Figure 22 i s  a photograph of a thoriated-tungsten wire 

e l ec t ron  emitter mounted on t h e  beam forming e lec t rode .  The c i r c l e  of 

wire i s  insu la t ed  from t h e  e lec t rode  and sets about 0.15 inch above t h e  

ion  emitter. The acce le ra to r  w a s  mounted 0.82 inch away from the  ion 

emitter (L/D = 1.0). During operation the  vol tage of t h e  e lec t ron  

emitter i s  s e t  a t  approximately t h e  corresponding space charge voltage 

e x i s t i n g  a t  0.15 inch above t h e  ion  emitter ( t h i s  p o t e n t i a l  w a s  u sua l ly  

wi th in  a f e w  hundred v o l t s  of t h e  pos i t ive  ion  emitter p o t e n t i a l ) .  The 

t h o r i a t e d  w i r e  is  heated t o  b o i l  off  e lec t rons ,  which should i n  tu rn  

f a l l  t o  the ion emitter ( s i n c e  the acce lera tor  is operat ing a t  a high 

negat ive po ten t i a l ,  no e lec t rons  would escape i n  t h a t  d i r e c t i o n )  and 

give rise t o  l o c a l l y  sput te red  secondary e l ec t rons .  

th i s  configurat ion might approximate t h e  condi t ions occurr ing i n  t h e  

It was hoped that 

acce le ra to r  spu t t e r ing  case, bu t  with ex te rna l  con t ro l  on t h e  e lec t ron  

emission. The tho r i a t ed  w i r e  loop was 0.57 inch i n  diameter t o  insure  

t h e  e l e c t r o n s  are i n  the  region of the beam. 
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Figure 23 demonstrates t h e  results obtained with t h e  thor ia ted-  

tungsten-electron emitter. 

f i l e s  obtained up t o  space charge l i m i t e d  condi t ions are shown. The 

r i g h t  s i d e  p r o f i l e s  show the  effect obtained with t h e  i n t e r n a l  e l ec t ron  

emi t t e r  operat ing.  Figure 24( a )  shows the  corresponding t o t a l  power 

measurements computed from t h e  p r o f i l e s .  There i s  no doubt t h a t  t h e  

e l ec t ron  emitter g r e a t l y  increases  the  ion beam power. 

uncertain whether t h e  increase  i n  power brought about by t h e  emitter i s  

due t o  t h e  same mechanism t h a t  produced t h e  l o c a l  peaks observed i n  

f i g u r e  19.  

t o  date with t h e  i n t e r n a l  e lec t ron  emi t te r -acce lera tor  system. 

h ighes t  po in t  corresponds t o  an increase of 25 times over t h a t  of Chi ld ' s  

l a w .  

On t h e  l e f t  of f i g u r e  23 t y p i c a l  beam pro- 

However, it is  

Figure 24(b) shows t h e  t h r e e  highest  current  po in t s  obtained 

The 

It is impossible t o  prove that t h e  increased power i s  due t o  ions 

only from t h e  da t a  a t  hand. However, it does not  seem reasonable that 

the  vaporizer  l imi ted  values of power would fol low t h e  normal curve 

( f i g .  2 4 ( a ) )  i f  high energy e lec t rons  were causing t h e  g r e a t  increase  i n  

power. It would appear t h a t  if high energy e l ec t rons  were causing t h e  

observed increase  i n  calorimeter power they would be unaffected by vapor- 

i z e r  temperature.  

The present  acce le ra to r  configuration represents  a first at tempt  t o  

augment t h e  P ierce  acce le ra to r  system. 

larger gains  i n  ion cur ren t  than e l e c t r i c a l  space charge l i m i t a t i o n  w i l l  

allow. 

maximum power t h a t  even t h e  present  ion  rocket  might be made t o  produce. 

It appears t o  have lead  t o  much 

The present  augmented acce lera tor  results i n  no way represents  t h e  
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Thus, it might be expected that large gains, over the Pierce acceleration 

system, can be made in the acceleration of ions. 

CONCLUSIONS 

The present report outlines the steps taken to evaluate the production 

and accelerations of ions. A porous tungsten ion source and a Pierce ac- 

celerator system similar in principle to proposed space propulsion systems 

is studied in detail. It is demonstrated that cold flow calibrations of 

the porous tungsten leads to accurate predictions of its ion production 

properties. Both the maximum current and critical emitter temperature 

obtained experimentally are shown to agree well with theoretical pre- 

dictions. 

Previous data on the evaporation of cesium from tungsten leads to 

the prediction of a hysteresis loop in critical emitter temperature. This 

hysteresis loop in critical emitter temperature is experimentally demon- 

strated. 

The effect of aperture in the Pierce accelerator is investigated. 

It is demonstrated that the use of grid wires across the aperture to elim- 

inate the potential gradient across the ion emitter improves the agreement 

of total ion power with the predictions of Childs' law. 

An investigation of beam spreading for "thin" beams indicates that 

with an open aperture, the beam spreads due to space charge and a lens 

action for AV/V e 2. At large accelerator voltage the spreading is much 

less than is predicted by even space charge spreading alone. 

wires the beam spread can be attributed to space charge spreading alone. 

With grid 

Observations of unexpected local maximums in beam power distribution 

were traced to Impingement of the ion beam on the accelerator. These local 
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maximums suggested that the use of an external source of electrons be- 

tween the ion emitter and accelerator would increase beam power. 

thoriated-tungsten wire electron emitter between the ion emitter and the 

accelerator was found to greatly increase the total power available from 

the basic Pierce accelerator. 

A 
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Figure 22. - Concluded. Thoriated-tungsten wire electron emitter 
beam forming electrode. 
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